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Abstract In this paper, we investigate the possibility of a
strong first-order electroweak phase transition (SFOEWPT)
in the model ‘CP in the Dark’. The Higgs sector of the model
consists of two scalar doublets and one scalar singlet with
a specific discrete symmetry. After spontaneous symmetry
breaking the model has a Standard-Model-like phenomenol-
ogy and a hidden scalar sector with a viable Dark Matter
candidate supplemented by explicit CP violation that solely
occurs in the hidden sector. The model ‘CP in the Dark’ has
been implemented in the C++ code BSMPT wv2 .3 which
performs a global minimisation of the finite-temperature one-
loop corrected effective potential and searches for SFOEW-
PTs. An SFOEWPT is found to be allowed in a broad range
of the parameter space. Furthermore, there are parameter sce-
narios where spontaneous CP violation is generated at finite
temperature. The in addition spontaneously broken Z; sym-
metry then leads to mixing between the dark and the visible
sector so that CP violation in the dark is promoted at finite
temperature to the visible sector and thereby provides addi-
tional sources of CP violation that are not restricted by the
electric dipole moment measurements at zero temperature.
Thus, ‘CP in the Dark’ provides a promising candidate for the
generation of the baryon asymmetry of the universe through
electroweak baryogenesis.

1 Introduction

The discovery of the Higgs boson by the LHC experiments
ATLAS [1] and CMS [2] structurally completes the Standard
Model (SM) of particle physics. While the discovery of the
125 GeV scalar which behaves very SM-like marked a mile-
stone for elementary particle physics, the SM itself leaves
a lot of open problems to be explained. Many extensions
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beyond the SM, often entailing enlarged Higgs sectors, have
been proposed to explain e.g. the existence of Dark Matter
(DM) or the matter—antimatter asymmetry of the universe [3].
The latter can be explained through the mechanism of elec-
troweak baryogenesis (EWBG) [4—12] provided the three
Sakharov conditions [13] are fulfilled. These require baryon
number violation, C and CP violation and departure from
the thermal equilibrium. The asymmetry can be generated
if the electroweak phase transition (EWPT), which proceeds
through bubble formation, is of strong first order [10,12].
In this case, the baryon number violating sphaleron transi-
tions in the false vacuum are sufficiently suppressed [14,15].
While in the SM in principle all Sakharov conditions are
met, it can provide a strong first-order EWPT (SFOEWPT)
only for a Higgs boson mass around 70-80 GeV [16,17].
Moreover, the amount of CP violation in the SM, originat-
ing from the Cabibbo—Kobayashi—-Maskawa (CKM) matrix
in not large enough to quantitatively reproduce the measured
matter—antimatter asymmetry [12,18].

In this paper, we investigate the model ‘CP in the Dark’
with respect to two of the above-mentioned open problems
of the SM, namely Dark Matter and the observed matter—
antimatter asymmetry. The model has been proposed for the
first time in [19]. It consists of a 2-Higgs-Doublet Model
(2HDM) [20,21] Higgs sector extended by a real singlet
field, hence a Next-to-2HDM (N2HDM). Compared to the
N2HDM studied in [22] it uses a different discrete symmetry.
The symmetry is designed such that it leads to the follow-
ing interesting properties of the model: (i) an SM-like Higgs
boson # that is naturally aligned because of the vacuum of
the model preserving the chosen discrete symmetry; (ii) a
viable DM candidate with its stability being guaranteed by
the vacuum of the model and with its mass and couplings sat-
isfying all existing DM search constraints; (iii) extra sources
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of CP violation existing solely in the ‘dark’ sector.! Because
of this hidden CP violation, which is explicit, the SM-like
Higgs h behaves almost exactly like the SM Higgs boson, its
couplings to massive gauge bosons and fermions are exactly
those of the SM Higgs (modulo contributions from a high
number of loops). In [19] we investigated the phenomenol-
ogy of the model with respect to collider and DM observ-
ables. We discussed how the hidden CP violation might be
tested at future colliders, namely through anomalous gauge
couplings.

This hidden CP violation can be very interesting in the
context of EWBG.? First of all, with the extended Higgs
sector of ‘CP in the Dark’ we have the chance to generate
an SFOEWPT. Second, the fact that CP violation does not
occur in the visible sector at zero temperature means that
it is not constrained by the strict bounds from the electric
dipole moment (EDM) measurements. This means in turn
that CP violation in the dark sector can take any value without
being in conflict with experiment. If this CP violation can be
translated to the visible sector we have very powerful means
to enhance the generated baryon asymmetry of the universe
(BAU) through a large amount of CP violation. Additionally,
the model provides a viable DM candidate so that we are
able to solve two of the most prominent open questions than
cannot be resolved within the SM.

In this paper, we investigate the model ‘CP in the Dark’
with respect to its potential of generating an SFOEWPT. We
furthermore analyse whether the CP violation in the dark sec-
tor can be transmitted at finite temperature to the visible sec-
tor and thereby improve the conditions of generating a baryon
asymmetry large enough to match the experimental value. It
turns out that at finite temperature both CP violation and vio-
lation of the discrete symmetry are generated spontaneously
through the appearance of the corresponding non-vanishing
vacuum expectation values. This allows the transmission of
CP violation from the dark to the visible Higgs sector. Note
that in our investigation we take into account all relevant the-
oretical and experimental constraints. We find in particular
that our model not only provides an SFOEWPT with pos-
sibly spontaneous CP violation but also complies with all
constraints from DM observables.

The structure of the paper is as follows. We start by intro-
ducing the model ‘CP in the Dark’ in Sect. 2. In Sect. 3 the
calculation of the strength of the EWPT, as well as the cho-
sen renormalisation prescription is described. In Sect. 4 we
describe our procedure to generate viable parameter points

1" A 3-Higgs Doublet Model with CP violation in the dark sector has
been presented in [23,24].

2 For previous works investigating electroweak baryogenesis in models
with CP violation occurring in a dark sector, see [25,26].
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for our numerical analysis. We show and discuss our results
in Sect. 5 and conclude in Sect. 6.

2 CP in the Dark

The model ‘CP in the Dark’ proposed in [19] is a specific ver-
sion of the N2HDM [22,27,28] which features an extended
scalar sector with two scalar doublets & and ®, and a real
scalar singlet ®g. In contrast to the N2HDM discussed in
[22], however, the Lagrangian is required to be invariant
under solely one discrete Z; symmetry, namely

D> P, Py —> —Py, Iy —> —dg. 2.1
With the Yukawa sector considered to be neutral under this
symmetry, therefore only one of the two doublets, @, cou-
ples to the fermions so that the absence of scalar-mediated
tree-level flavour-changing neutral currents (FCNC) is auto-
matically ensured, and the Yukawa sector is identical to the
SM one. With this Z, symmetry, the most general scalar tree-
level potential invariant under SU(2);, x U(1)y reads

2
m
VO = |01 + my @2 4+ 22 0
+ (40| 005 + he.)
MM Ao
+ 7|<b1|4 + 7|<1>2|4+A3|<1>1|2|d>2|2

As -
+ | @D + @@ + (@) d1)?]

+ Ecbjé + ﬁ|c1>1|2c1>§ + );8|©2|2¢>§.
4 2 2

All parameters of the potential are real, except for the tri-
linear coupling A. A possible complex phase of the quartic
coupling As is absorbed by a proper rotation of the doublet
fields [19]. After electroweak symmetry breaking (EWSB),
the scalar doublets and the singlet can be expanded around the
vacuum expectation values (VEVs). Allowing for the most
general vacuum structure where besides the doublet and sin-
glet VEVs w; » and wg, respectively, we take into account
also CP-violating (ocp) and charge-breaking (ocg) VEVs,
we have

2.2)

¢1=L< p1+im )
VL \a+o+iv )’

1 P2 +wcB +in2 ) _
by = — - . - , g =¢g+ ws.
? \/§<§2+w2+l(‘yz+wcp) s=istos

(2.3)

Here we introduced the charged CP-even and CP-odd fields
p;i and n; as well as the neutral CP-even and CP-odd fields
¢ and V; (i = 1,2). The zero-temperature vacuum struc-
ture is chosen such that the imposed Z,-symmetry remains
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unbroken, i.e.

(P1)|7=0Gev = L <O> (P2) |T=0Gev = (0> and
=vbe ﬁ v /)’ =vbe 0

(®s)T=0Gev =0, (2.4)
with W1|7=0gev = v1 = v & 246.22GeV. Since only the
first Higgs doublet couples to fermions, ®; is the SM-like
doublet and provides an SM-like Higgs boson h. The first
doublet can be written in terms of the mass eigenstates as

Gt
(Dl = (\% (/’l‘l‘vl +ZGO)> ’ (25)

where G denotes the massless charged and G° the massless
neutral Goldstone boson, respectively. The upper charged
components of the second doublet @, provide the charged
mass eigenstate H ™. The neutral fields ¢, ¥ and g mix,
with the corresponding mixing matrix given by

2 v
ms, + 71)»345 0 ) N (A)vg
Mzzv = 0 m%2 + %X345 —3J (A | (2.6)
2
R(Av =AW mi+ Sy

where we have introduced A345 = A3 + Ag + A5 and Azas =
A3 + Aq4 — 5. Diagonalisation with the rotation matrix R
yields the mass eigenvalues h; (i = 1, 2, 3),
diag(mj ,my,.mj;,) = RMR" 2.7
which by convention are ordered by ascending mass, my, <

mp, < my,. The orthogonal matrix R can be parametrised
in terms of three mixing angles o; (i = 1, 2, 3),

R =

CaiCan Saq Cay Say
_(C(xl Sazsa3 + sotl cot3)
—Co;Say cOl3 + Say Sot3 _(Cou sOl3 + Say sa2COt3) COt2COt3

2.8)

Cai1Caz — SaySarSas CarSaz

Note that the chosen vacuum at zero temperature given in
(2.4) does not include a CP-violating VEV. As mentioned
above, the zero-temperature vacuum also conserves the Z;
symmetry of (2.1), introducing a conserved quantum num-
ber, called dark charge. While all SM-like particles have dark
charge +1, the charged scalar H™ and the neutral scalars
hi 2.3 that originate from the second doublet ®,, and the real
singlet ®g, have dark charge —1. They are called dark par-
ticles. The lightest neutral dark particle /1 therefore acts as
a stable dark matter candidate. ‘CP in the Dark’ addition-
ally features explicit CP violation in the dark sector which is

introduced through JA # 0. For further details, we refer to
[19].
The model ‘CP in the Dark’ is determined by thirteen input
parameters. Exploiting the minimum condition
1
mi; + Emf =0 (2.9)
to trade m% | for vy, we use the following input parameters for

the parameter scan performed with Scanners [22,29-31],
cf. Sect. 4,

2 2
mp, mh17 mhz’ myg+, Vi1, m22’ mSv

oy, o2, o3, A2, A, As. (2.10)

For our program BSMPT [32,33] used to compute the EWPT
of the model, we use the default input set of BSMPT,

mp, m%s m%z, Ui, ERA) SA! )"25 )\‘37 )"41

A5, Mgy A7, Ag. (2.11)

3 Calculation of the strength of the phase transition

We follow the approach of Refs. [34-36] to determine the
strength &. of the EWPT. It is given by the ratio of the crit-
ical VEV v, at the critical temperature T, & = v./T,. The
critical temperature is defined as the temperature where the
symmetric and the broken minimum are degenerate, hence
Vw=0,T)=Vw=uv:,T.), 3.1
with the critical VEV determined as v, = U(T)|T:n.’ see
below. A value larger than one is indicative for a strong first-
order EWPT [7,37].3 For the determination of &. we use the
C++ program BSMPT [32,33] where we implemented the
daisy-corrected one-loop effective potential at finite temper-
ature of ‘CP in the Dark’.# ‘CP in the Dark’ was implemented
as a new model class in BSMPT, which is publicly available
since version 2.3. Since the corresponding details of the cal-
culation do not differ compared to the other models, we refer
to our previous publications for further details, cf. [32,33].
However, note that we had to adapt the proposed renormal-
isation scheme applied in the previous publications, which
we will discuss in the following.

For an efficient parameter scan, it is convenient to renor-
malise the loop-corrected masses and angles to their tree-
level values. This is usually achieved by adapting the renor-
malisation scheme that has been introduced for the 2HDM

3 For discussions on the gauge dependence of &., we refer to Refs.
[38—41].

4 With BSMPT we can only detect one-step phase transitions, on which
we focus in this work. This does not mean, however, that 2-step phase
transitions would not be possible.
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in Ref. [34]. The scheme was further applied to the C2ZHDM
and the N2HDM in [32,35,36,42] and to the CxSM in [33].
In the following, we shortly summarise the procedure and
adapt it to the model ‘CP in the Dark’. The one-loop cor-
rected effective potential with one-loop masses and angles
renormalised to their tree-level values is constructed as

Vo, T) = V@) + VV(w) + Vi(w, T) + VT (w).
(3.2)

The tree-level potential V@ is given in Eq. (2.2) with the dou-
blet and singlet fields replaced by the classical constant field
configurations ® = (0, w; /DT, o = 1/3/2 (wcB, wr +
iowcp)! and @S = wg, respectively. The Coleman-Weinberg
potential is denoted by yEew (w), the contribution VT (w, T)
accounts for the thermal corrections at finite temperature, and
the counterterm potential VCT (w) is given by [34]

ALAPIVC) al
ver=3" o Spi+ Y 8Tk(r + ax) . (33)
i=1 ! k=1

The number of parameters p; of the tree-level potential
is denoted by N,. The finite counterterm parameters are
referred to as ép;. Additionally, a tadpole counterterm §7%
for each of the N, = 5 field directions that are allowed to
develop a non-zero VEV is included. Applying (3.3) to the
tree-level potential of ‘CP in the Dark’ of (2.2) results in

Sm2
VET = 5m?2,|® 1> + 8m3,|®,|* + Tscpg
5% (A) + 83 (A)] D] Dy D

5% (A) — i83 (A)] s D)y
— P —|d
+r 1+
SA
80311 2| D2 + Shg| D] Do + 75[@{@2)2

SA SA
H@JODH + ot + =L
4 2
SAg )
+7|<I>2| @ + 8Tcg(p2 + weB)
+8T1 (51 + wr)
+812(%2 + w2) + 8Tcp (W2 + wcp) + 8Ts(Ls + ws).
(3.4)

|y |> 0%

The counterterm parameters dp; and 87} are determined
through the renormalisation conditions

g, (VT +VEY) =0 (3.52)

09,05, (VT +VEY)

|¢= (#) T=0GeVv

|¢=<¢">|T=ocev = (3.5b)

@ Springer

In the following, we use the notation Ngw = 9, VW and

bip; = Ogig; VEW._ The scalar fields ¢; in the gauge basis
are labelled as

oi = {p1, 11, 2, M2, C1, V1, &, W2, s} . (3.6)

The field configuration at 7 =
(¢°)IT=0Gev and given by

0 GeV is denoted by

(@) r=0Gev = {0,0,0,0,v1,0,0,0,0} and

v = v~ 246.22GeV . 3.7
The renormalisation conditions of (3.5) yield an overcon-
strained system of equations. Its five-dimensional solution
space can be parametrisedby A; =6 e R = 2,3,6,7,8)
so that we have

1 3
2 _ CW CW
Smiy = §H£1§1 o EHmm (3.82)
1
Smiy = —HS — Etgv% (3.8b)
1
sms = —H{ . — 3 v (3.8¢)
1
SN (A) = —EHSX (3.8d)
1
53 (A) = EH@}’S (3.8¢)
1 CW CW
= (—HEY + HSY,) (3.80)
Shy =1 (3.82)
1 CW CW CW .
= (2HSN, — HEY — HEN,) (3.8)
1 CW CW .
Bs = (—HEY + HEN,) (3.8))
1
She =15 (3.8k)
§Tcg = —NGY (3.8n)
8Ty = viHS W — NV (3.80)
8Ty = —Ng" (3.8p)
§Tcp = —NG»' (3.8q)
§Ts = —N" . (3.8r)

Equation (3.8) provides a consistent solution to (3.5) only if
additionally the following identities are fulfilled,

Hg = Hy)y, (3.92)
CW CW
Hmm = H\I,lqj1 (3.9b)



Eur. Phys. J. C (2023) 83:439

Page 5 of 14 439

HW _ gCW

P202 nmn2’ (390)

However, with VT determined through (3.8) we still observe

~ 010" GeV?).
(3.10)

CW CT
3423%(‘/ tVv )|¢=<¢v>|TZOGev

These non-cancelled second derivatives are due to field direc-
tionsij = {{, W2} in which the Coleman—Weinberg potential
yields non-zero contributions al?j VEW but the counterterm
potential with the ansatz of Eq. (3.4) vanishes, 81'2/ veT = .
Hence, there is no cancellation possible. Therefore, the solu-
tion of (3.8) is insufficient for these ij. The reason are loop-
induced CP-violating couplings that lead to non-zero deriva-
tives of VW in field directions that are not present in the
chosen VCT of Eq. (3.4). For ‘CP in the Dark’ we there-
fore propose a modified renormalisation scheme by adding
one additional counterterm that parametrises the additional
CP-violating structure

~ i .
T = VT 4 253(ks) ((cb{cbz)2 — (q>1c1>2)2) RNERTY)

The new counterterm §J(\5) is constrained through (3.5) to
be

o, - (3.12)

2
83 (hs) = S HGY,

U
Furthermore, we choose the free parameters for the solution
to be t; = O for the analysis in Sect. 4. This choice cor-
responds to the renormalisation scheme with all additional
finite pieces set to zero that are irrelevant for the initial aim
of fixing next-to-leading order (NLO) masses and angles at
their tree-level values.

By performing a global minimisation of the renormalised
one-loop corrected effective potential, BSMPT calculates the
critical temperature 7, and the critical VEV v.. For details,
we refer to [32,33]. The temperature-dependent electroweak
VEV v(T) is calculated taking into account all possible
SU ). VEV contributions,

v(T) = Joi(T) + o5(T) + ocp(T) +ogg(T).  (3.13)
Remind that the @; are the field configurations that minimise
the loop-corrected effective potential at non-zero tempera-
ture. We do not include the singlet VEV &g in Eq. (3.13),
but we take it into account for the minimisation procedure.
The reason is that the electroweak sphaleron [4, 15] couples
only to particles charged under SU (2),. In case the baryon-
wash-out condition is fulfilled, i.e. [12]
SC = E Z 1 ’

c

(3.14)

the EWPT is an SFOEWPT and provides the necessary depar-
ture from thermal equilibrium as required by the Sakharov
conditions.’

4 Numerical analysis

For our numerical analysis we perform a scan in the param-
eter space of the model and keep only those points that are
compatible with the relevant theoretical and experimental
constraints. We require the SM-like Higgs boson & to have
a mass of my, = 125.09 GeV [48] and behave SM-like. The
remaining input parameters of ‘CP in the Dark’ are varied in
the ranges given in Table 1.

For the SM parameters, we use the fine structure constant
at the scale of the Z boson mass [49,50],

apy (M%) = 128.962, 4.1

and the masses for the massive gauge bosons are chosen as
[49,50]

my = 80.385GeV and mz = 91.1876 GeV. 4.2)

The lepton masses are set to [49,50]

m, = 0.511 MeV, m, =105.658 MeV, m, =1.777 GeV,
4.3)

and the light quark masses to [50]°

my, = mg = my = 100 MeV. “4.4)

To be consistent with the CMS and ATLAS analyses, we take
the on-shell top quark mass as [50,51]

m; = 172.5 GeV 4.5

and the recommended charm and bottom quark on-shell
masses [50]

me = 1.51GeV and mj =4.92 GeV. (4.6)

5 While it has been argued that the nucleation temperature 7Ty [43,44]
should be used to determine whether the SFOEWPT takes place or
not (see e.g. [45]) the computation of the nucleation temperature itself
gives only a rough estimate. Thus, the used nucleation criterion is an
approximation [44,46], the computation of the tunneling rate suffers
from sizable theoretical uncertainties from missing higher orders, and
there is the issue of gauge dependence [47]. These caveats have a sizable
impact in particular close to the vacuum-trapping region [45], which is
the region where &, would lead to different conclusions but where £y is
also not reliable. Moreover, only for larger £ values (above 2.5 [45]) the
estimate based on &, instead of the one based on &y becomes critical.
This is not the case, however, for our parameter points.

6 While the loop contributions of light quark masses to the effective
potential are not relevant for our analysis, they enter in some of the
computations of the quantities that are checked, so that for completeness
we list their values here.

@ Springer
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Table 1 Parameter scan ranges of the ‘CP in the Dark’ input parameters used in ScannerS

mp mp, Mpy mp+ m%z m%

in GeV in GeV in GeV in GeV in GeV? in GeV?
125.09 [1, 1000] [1, 1000] [65, 1000] [0, 106] [0, 106]
o o a3 A2 A6 A8

[—%, %) [—%, %) [—% %) [0, 9] [0, 17] [—26, 26]

We choose the complex parametrisation of the CKM matrix
[49,52],

Vekm =
C12€13 $12€13 S13e
—512023— 125235136 Cclac3—s128235130  s23013 |
S12823—C126235138°  —c12s23—s12023013€° C23013
“4.7)

i6

where s5;; = sin6;; and ¢;; = cos6;;. The angles are given
in terms of the Wolfenstein parameters as

sp=A, sipe? =AM (p+in), s3=Ar, 4.8)

with [36]

A=0.22537, A=0.814, p=0.117, n=0.353.
4.9)

Note that we take into account a complex phase § in the CKM
matrix as an additional source for CP violation. The impact
of the complex CKM phase compared to that of the com-
plex phase induced by the VEV configuration is negligible,
however. Finally, the electroweak VEV is set to

v = v =1/\/vV2Gp ~ 246.22 GeV. (4.10)

The parameter points under investigation have to ful-
fil experimental and theoretical constraints. For the gener-
ation of such parameter points we use the C++ program
ScannersS [22,29-31]. ScannersS allows us to check for
boundedness from below of the tree-level potential and uses
the tree-level discriminant of [53] to ensure the electroweak
vacuum to be the global minimum at tree level. It also checks
for perturbative unitarity.” By using BSMPT it is also possible

7 We explicitly checked by using the program code Scanners that our
trilinear couplings remain in the perturbative region. For the bulk of the
points that lead to an SFOEWPT the maximum values for the involved
trilinear Higgs self-couplings are below 3000 GeV (to be compared to
the SMvalueof Ay = 3M%1/v ~ 191 GeV). Assuming - for arough
estimate, which, is, however, thoroughly checked by using Scanners
- a SM-like relation for the trilinear Higgs self-coupling this maximum
value would correspond a Higgs boson mass of about 500 GeV which
is still in the perturbative region. The maximum value for the trilinear
coupling of the SM-like Higgs boson is 2.4 (1.8) GeV times the SM
value for SFOEWPT points (with spontaneous CP violation).

@ Springer

to check for the NLO electroweak vacuum to be the global
minimum of the potential. Only parameter points providing
a stable NLO electroweak vacuum at zero temperature are
taken into account for the analysis. The check for consistency
with recent flavour constraints is obsolete since in ‘CP in the
Dark’ the charged Higgs boson belongs to the dark sector and
does not couple to fermions so that all B-physics constraints
are fulfilled per default. The compatibility with the Higgs
measurements is taken into account by Scanners through
HiggsBounds [54-59] and HiggsSignals [60,61]. For
the parameter scan the versions HiggsBounds5.9.0 and
HiggsSignals2.6.1 are used. We have also taken into
account the latest CMS results [62] on the Higgs signal
strength in the photonic final state that were not imple-
mented in HiggsSignals. We have checked the com-
patibility with the recent ATLAS result on the Higgs decay
into invisible particles, BR(2# — inv.) < 0.11 [63]. Fur-
ther Dark Matter observables like the spin-independent DM-
nucleon cross section and the relic abundance are checked
with MicrOMEGAs5.2.7a [64-73]. We demand that our
parameter scenarios do not lead to relic densities above the
experimentally measured value of [74]

Qopsh” = 0.1200 £ 0.0012, 4.11)

while they may be below the value assuming other DM par-
ticles beyond our model to saturate the relic density. Note
that we need not check for the strict constraints on CP viola-
tion arising from the electric dipole moment measurements,
where the stringest one is provided by the ACME collab-
oration [75], as in our model CP violation beyond the SM
arises only in the dark sector. For the determination of the
strength of the EWPT we use the new model implementa-
tion in BSMPT v2 .3 [32,33]. The code can be downloaded
from the url:

https://github.com/phbasler/BSMPT.

5 Results

In this section, we present our numerical results. We start
with the discussion of the visible sector of ‘CP in the Dark’,
namely in Sect. 5.1 with the discussion of the impact of
the applied constraints on the branching ratios and signal
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1.2
*  SFOEWPT points 2.4
= ScannerS sample
(T\ 11 BSMPT sample 2.2
= 2.0
Z 19
i 1.0 O WG
c 1.6
1
= 0.9 1.4
o
m 1.2
08 ATLAS
' 250 500 750 1000
my: [GeV]

Fig. 1 Branching ratio of the SM-like Higgs % into a photon pair
normalised to the SM value versus m g+ applying the ATLAS limit
(left) and the CMS limit (right) on w,,,. Gray points: ScannersS sam-

strengths of the SM-like Higgs boson in the context of the
additional dark sector. We further discuss the impact of the
strength of the phase transition. Subsequently, we investigate
in Sect. 5.2 the mass distributions of our dark sector parti-
cles and if there is an interplay between their masses and the
requirement of an SFOEWPT. We then analyse in detail in
Sect. 5.3 the VEV configurations that were found to minimise
the one-loop corrected effective potential at finite tempera-
ture. Special attention is paid here on the spontaneous gen-
eration of CP violation. In Sect. 5.4 finally we show results
for the DM observables and study their interplay with the
requirement of an SFOEWPT.

5.1 Branching ratios and signal strengths of the SM-like
Higgs boson

Since the tree-level couplings of the SM-like Higgs % in our
model are identical to those of the SM Higgs boson, it is
only the presence of the dark particles that can change the
branching ratios of 4. Thus, the dark charged Higgs boson
can contribute to the decay width into a photon pair, cf. [19],
so that the decay width I'(# — yy) is changed.® Further-
more, i can decay into a pair of DM particles if kinematically
allowed which would change the total width and hence also
the branching ratio.

In Fig. 1 we show the branching ratio of the SM-like Higgs
into two photons normalised to the branching ratio of the
SM Higgs boson as a function of the dark charged Higgs
mass. Neglecting subdominant electroweak corrections, the
production cross section of the SM-like Higgs, oprod(h), is

8 The total width is barely changed, as the partial decay width into
photons is very small.

+  SFOEWPT points 2.4
= rH % ScannerS sample
| F ‘{- BSMPT sample 2.2
T 1.15
= 2.0
Z 18
i 1.10 W
- 1.6
C
4
< 1.05 L4
&=
m 1.2
1 00 CMS
' 200 400 600
my: [GeV]

ple; orange points: additionally BSMPT constraints imposed; coloured
points: also & > 1 fulfilled. Colour code: value of &.

not changed with respect to that of the SM Higgs boson’ so
that the ratio of the branching ratios directly corresponds to
the signal rate
Oprod(h) x BR(h — yy) _ BR(h — yy)
oSM(h) x BRM(h — yy) ~ BRM(h — yy)
5.1

Hyy =

In the left plot we applied the ATLAS limit derived on
[76] which is given by

Iyy = 0.997013, (5.2)
in the right plot we applied the CMS limit [62] of
[y = 1125009, (5.3)

The grey points are those that are obtained after apply-
ing the ScannersS constraints described above. The orange
points additionally fulfil the BSMPT constraints. In partic-
ular BSMPT checks whether the global minimum at NLO
coincides with the electroweak vacuum. The additional con-
straints from BSMPT barely further reduce the ScannersS
sample. The coloured points are those that additionally have
a strong first-order phase transition. The colour code denotes
the strength of the phase transition. We see that in our model
we can reach &. values for the still allowed parameter points
that go up to 2.48.

As can be inferred from the plot, the maximum possi-
ble branching ratio values increase towards smaller charged
Higgs boson masses. Both the value of m + and the h H T H ™~
coupling are governed by A3. The value of the branching
ratio into yy increases with negative A3 and the charged
Higgs masses decreases, explaining the behaviour in the plot,

9 The QCD corrections to the production cross section are the same in
both models.
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Fig. 2 Branching ratio of the SM-like Higgs / into dark particles versus m, (left) and versus wyy (right). The colour code is the same as in Fig. 1

cf- also [19] for a detailed discussion. The parameter space
of our model is constrained by the experimental limits on
the photonic rate, the CMS limit allows for somewhat larger,
the ATLAS limit for smaller u,,. Note, however, that the
allowed points are cut below the maximally allowed value
by CMS of u,, = 1.21. The upper bound actually results
from the combination of the bounded-from-below and uni-
tarity bounds that restrict the allowed values of the coupling
A3. The plots show that a future increased precision in
can cut the parameter space on the charged Higgs mass sub-
stantially. As can be inferred from the left plot, the charged
Higgs mass range starts being cut from ,,,, values above
about 1.02 on. In the following plots, we use ScannersS
samples that include the more recent limit on ft,,, which
is given by CMS. It reduces the upper bound on the allowed
charged Higgs mass to 597 GeV. The inclusion of the BSMPT
constraints reduce it further to 587 GeV, and the requirement
of an SFOEWPT to 565 GeV finally. The reduction in m g+
in turn also reduces the range of allowed dark neutral masses
as we will see.

As for the parameter points with an SFOEWPT, they
are distributed nearly all over the still allowed parameter
space. The demand of an SFOEWPT hence does not signif-
icantly constrain our model with respect to the Higgs data.
While the SFOEWPT limit on m g+ is somewhat below the
BSMPT limit, a dedicated parameter scan might also provide
SFOEWPT values with larger charged Higgs mass values.
Vice versa the Higgs rate measurements in photonic final
states do not constrain baryogenesis scenarios of ‘CP in the
Dark’.

In Fig. 2 (left) we display the branching ratios of the SM-
like Higgs boson 4 into invisible particles versus the DM
mass my, and in Fig. 2 (right) versus the gauge boson signal
strength pyy (V = Z, W). As mentioned above, we have
applied here and in all other plots presented in the numer-
ical analysis the additional cut on BR(2 — inv.) < 0.11

@ Springer

following the latest results of [63]. We find viable parameter
points down to DM masses of about mj, = 54.8 GeV. Below
this value it becomes increasingly difficult to find parame-
ter points that comply with all considered constraints. The
parameter points compatible with an SFOEWPT are scat-
tered across the still allowed ScannersS region. Therefore,
future improved measurements of 4 — inv. are able to test
the parameter space of ‘CP in the Dark’ but they will not
give us additional information on the strength of the phase
transition itself. Above mj, = 62.5 GeV (not shown in the
plot) the branching ratio of course drops to zero as the cor-
responding decay is kinematically closed.

The results for BR(2 — inv.) versus pyy in Fig. 2 (right)
look similar to those found in [77] for the fully dark phase
(FDP) of the N2HDM which is very similar to our model.
Since all tree-level i couplings are SM-like the invisible
branching ratio strongly correlates with py v . It decreases for
increasing pyy until BR(h — inv.) = 0 when uyy = 1.
This is expected as for wyy — 1, the SM-like Higgs branch-
ing ratios converge to their SM values with no decays into
invisible particles being allowed. Future precise measure-
ments of the puyy rates will hence constrain the invisible
branching ratios and thereby the parameter space of the
model, but again not give further insights on the strength
of the EWPT as can be inferred from the distribution of the
coloured points.

5.2 Mass parameter distributions for an SFOEWPT

Figure 3 shows for the parameter points of our scan the light-
est neutral dark scalar mass my,, versus the dark charged
scalar mass m y=. The colour code is the same as in the previ-
ous figures. The constraint on the charged Higgs mass values
from p,,,, also constrains the allowed my,, values which can
go up to 584 GeV in the ScannersS sample, to 568 GeV
after inclusion of the BSMPT constraints, and reaches a max-
imum value of 536 GeV for points providing an SFOEWPT.
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Fig. 3 Scatter plot in the my,, and m g+ mass plane. The dashed lines
are there to guide the eye and denote the m,, and m g+ values at 125 GeV
and the points where their masses are equal. Colour code as in Fig. 1

Depending on the future restriction on i, the charged Higgs
mass will be less or more constrained with immediate conse-
quences for the allowed range of my,, . The points with &, > 1
cluster towards smaller mass values. We still find SFOEWPT
points for larger masses, however. A dedicated scan in this
mass region may increase their density. So again, the require-
ment of an SFOEWPT does not significantly constrain the
parameter space nor do the Higgs constraints further restrict
the points leading to &, values above 1. We note that the dis-
tribution structure of the points stems from the fact that we
performed a dedicated scan in the mj, mass region below
125/2 GeV resulting in the horizontally distributed points in
the region below 62.5 GeV.

In Fig. 4 we display the distribution of our parameter point
sample in the neutral DM mass planes, namely m,, versus
my, (left) and my, versus my, (right). Again the restricted
m = range is reflected in the allowed upper values of the dark
neutral masses. In the mj,, — my, plane we see a tendency
of SFOEWPT points to cluster towards smaller mass values.
Still we have also points for larger values in the allowed
BSMPT sample. The requirement of an SFOEWPT does not
allow us to read off strict bounds on the mass values.

5.3 Analysis of the VEV configurations

In all our allowed parameter samples we find that the charge-
breaking VEV is zero as required for the photon to remain
massless. As for the other VEVs, at non-zero temperature we
find two VEV patterns: In one, the SM-like VEV is non-zero
while the remaining DM VEVs are negligibly small. This is
the case for almost all allowed parameters sets. The other
case is given by a very small fraction of allowed parameter
points. Here we find VEV configurations where also the dark

VEVs develop non-zero values.

In Fig. 5 we illustrate the evolution of all five VEVs as a
function of the temperature for two sample points, one for
each of the two categories. The sample points are given in
Appendix A. In red, we display the temperature-dependent
electroweak VEV v(T), that is calculated taking into account
the SU (2)-VEVs, see (3.13). Both points displayed in Fig. 5
show a discontinuity in v.(7T") at T = T that is large enough
to be classified as SFOEWPT. Actually, we have §, = 1.64
for the left and &, = 1.24 for the right scenario. Only for the
scenario depicted in the right plot, however, also dark VEVs
participate in the SFOEWPT in addition to |@;| which is
non-zero for all T < T,. The development of a non-zero
CP-violating VEV |wcp| (which remains non-zero down to
T = 88 GeV < T, and is zero at zero temperature) actually
corresponds to the generation of spontaneous CP violation.

In Fig. 6 we show the absolute value of the CP-violating
VEV wcp as a function of the absolute value of the ratio
J(A) over N(A) for all allowed SFOEWPT points of our
scan. As discussed in Sect. 2, a non-zero imaginary part of
the trilinear coupling A induces explicit CP violation. At
T = 0 GeV, CP violation can only be generated explicitly,
as 5CP|T:0G6V = vcp = 0. We find in total 564 points for
which |wcp| # 0 (more specifically, |ocp| > 0.001 GeV) at
finite temperature and which hence break CP spontaneously
at T > 0. Additionally, these points develop a non-vanishing
singlet VEV wg at T # 0. This means that also the Z;-
symmetry is spontaneously broken. At finite temperature, the
dark charge therefore is not conserved, and particles that are
dark at zero temperature can now mix with particles from the
first doublet. This is very interesting as it provides a promis-
ing portal for the transfer of non-standard CP violation to the
SM-like Higgs couplings to fermions at finite temperature.
This is in addition to an SFOEWPT another necessary ingre-
dient for an EWBG scenario that is able to explain today’s
observed BAU. We finally note, that the plot does not show
a clear correlation between the size of |wcp| and J(A) # 0.
However, we see that |wcp| > 0 only for J(A) # 0. From
the plot we cannot deduce a correlation between the size of &,
and |wcp|: For the strength of the phase transition, overall the
participation of additional Higgs bosons and their involved
mass values is decisive. It is not important which kind of
VEV contributes to v.(T').

An interesting question to investigate is whether the
parameter points with spontaneous CP violation for &, > 1
lead to stronger correlations with collider signals. Focusing
only on these points, we found that the distribution of the
allowed points with and without spontaneous CPV across
the parameter space of our model is the same though much
less dense for the points featuring spontaneous CPV. The only
difference is that points with spontaneous CP violation do not
allow for large dark masses my,,. The maximum value that
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Appendix A

we found is around 280 GeV. However, since this is a dark
mass there is no observable which allows to test its value at
colliders.'? So having spontaneous CP violation or not does
not have any visible impact on collider phenomenology, it
does not lead to stronger correlations with collider signals.
The &. values are somewhat lower for points with sponta-
neous CPV with maximum values of 2.3 compared to 2.5 for
the whole sample of points with an SFOEWPT.

5.4 Dark matter observables

In Fig. 7 we show our benchmark point sample in the plane
spanned by the relic density 42, calculated via ScannerS
through the link with Mi cxrOMEGASs, and the mass of the DM
candidate, my,. The experimentally measured relic density

10 SM-like Higgs decays into invisible are precluded kinematically
above mj,, = my /2.

@ Springer

Qobsh? = 0.1200 + 0.0012 [74] is shown in red. The colour
code is the same as in Fig. 1. While we find ScannersS
sample points that lie within the 1o error bands for the mea-
sured relic density, the SFOEWPT points are all underabun-
dant.!! Parameter samples with masses around 1, /2 can be
less underabundant than scenarios with heavier DM particles.
The underabundance is not problematic. It simply means that
we need another DM component to make up for the total of
the relic density. The dominant annihilation channels depend
on the DM mass value and are given by annhiliation into b-
quark pairs for low masses and into SM-like Higgs pairs and
Z boson pairs for higher masses. We can hence state that the
requirement of an SFOEWPT in ‘CP in the Dark’ is compat-
ible with the measured DM relic density.

I Due to the logarithmic scale this cannot be inferred from the plot by
eye.
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Fig. 7 Relic density versus DM mass m,, for the benchmark parameter
sample, with the colour code introduced in Fig. 1. The experimentally
measured relic density Qobsh2 = 0.1200 £ 0.0012 [74] is shown in red

In order to investigate the impact of the measurements of
the direct detection spin-independent (SI) nucleon DM cross
section o we first compute the effective cross section f , - o
for our model,

Qprodh2

—5 5.4
Qobsh2 ( )

O - fyx=0-

The rescaling factor f,, considers the fact that in our
model, depending on the parameter point, the relic den-
sity medh2 can be underabundant, which has to be taken
into account when comparing with the measured value
of o, ¢f also [77,82]. The numerical values for the pro-
duced relic density medh2 in our model are obtained using
MicrOMEGAs. InFig. 8 we display the effective direct detec-

10744
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__ 10746 2.0
=
B 18
5 W
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1.2
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Fig. 8 Effective direct detection SI nucleon DM cross section of the
benchmark point sample versus m,, , with the colour code defined as in
Fig. 1. The experimental results have been obtained by using [78]. The
XENON1T exclusion limit [79] is shown in blue. In red, we show the pro-
jected sensitivity of the XENONnT experiment [80]. The experimental
limit for the neutrino background has been taken from [81]

tion SI nucleon DM cross section f) , - o of the benchmark
point sample versus my,. As already required by the con-
straints in ScannersS (linked to MicrOMEGAS), all points
lie below the XENON1T exclusion limit, which is displayed in
blue. While an SFOEWPT requires large trilinear Higgs cou-
plings which could possibly jeopardize the compatibility of
our SFOEWPT points with the direct detection limits the sup-
pressed relic density of these points compared to the observed
value, see Fig. 7, leads to direct detection cross sections below
the present limits for numerous of our SFOEWPT points with
and without spontaneous CP violation. Our results are in line
with previous results in simpler models as studied e.g. in
[83]. The majority of the SFOEWPT points is found to be
above the neutrino floor (dark grey shaded area). In addition,
most SFOEWPT points are also above the expected sensitiv-
ity of the XENONnT experiment (red). This means that future
DM direct detection experiments will allow us to test a large
fraction of the parameter space of ‘CP in the Dark’ that is
compatible with an SFOEWPT.

Focussing only on the points with spontaneous CP vio-
lation, again their overall distribution across the parameter
space of the model is the same as for all points with an
SFOEWPT although less dense and with maximum values
of only up to about 280 GeV for my,, . In particular, scenari-
ous with spontaneous CPV also saturate the relic density for
myp, ~ my/2 and reach direct detection cross section val-
ues up toXENONLT limit with most points lying above the
XENONNT limit.
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6 Conclusion

In this paper, we investigated the possibility of an SFOEWPT
within the framework of the model ‘CP in the Dark’. Its
extended N2HDM-like scalar sector provides a dark sec-
tor that is stabilised at zero temperature through only one
Z, symmetry and thereby provides a DM candidate. We
discussed the treatment of finite pieces of our renormalisa-
tion scheme and the necessary adjustments for this model
in contrast to past work to be able to renormalise the one-
loop mixing angles and masses to their leading-order values.
This allows us to efficiently perform parameter scans tak-
ing into account the relevant theoretical and experimental
constraints to obtain viable parameter sets. The new BSMPT
version v2 .3 including the implementation of ‘CP in the
Dark’ has been made publicly available under https://github.
com/phbasler/BSMPT.

Our results show that ‘CP in the Dark’ may be a promis-
ing candidate to explain the BAU in an EWBG context, as
in addition to explicit CP violation in the dark sector, it also
provides spontaneous CP violation at finite temperature. In
combination with the also spontaneously broken Z; symme-
try at non-zero temperature non-standard CP violation can
be transferred to the couplings of the SM-like Higgs boson
to fermions. This may allow for a large enough CP violation
to generate the BAU observed by experiment, without being
in conflict with the EDM constraints. This will have to be
checked in forthcoming works by the actual computation of
the amount of BAU that is generated in the model.

Viable SFOEWPT points are distributed across almost the
whole allowed dark mass ranges of the model. While the
SM-like Higgs rates will allow us to constrain the parameter
space of the model, the SFOEWPT points do not impose
further significant constraints. On the other hand, SFOEWPT
points are found to be in the reach of precise measurements
of invisible decays of the SM-like Higgs boson and of the
Higgs rates into SM particles at the LHC. Our SFOEWPT
points comply with the measured relic density. We found that
alarge fraction of the parameter space and SFOEWPT points
of the model will be testable at future DM direct detection
experiments.

@ Springer

Having demonstrated in this paper that all prerequisites
for BAU are fulfilled in the model, the next natural steps to
be taken in future work is the implementation of the com-
putation of the amount of baryogenesis in BSMPT in order
to investigate if the model can indeed provide the correct
amount of BAU. If this is the case, subsequently LHC and
DM observables are to be identified that may serve as smok-
ing gun signatures for parameter scenarios compatible with
BAU in ‘CP in the Dark’.
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Appendix A: Benchmark points

The input values of the benchmark points discussed in
Sect. 5.3 are given in Table 2. The dark mass values, crit-
ical temperature, critical VEV, &, and the individual VEVs
at T, are given in Table 3. Note that we have A; ~ 0.258,
m%l ~ —7824 GeV? for both points. The parameter A; is
fixed through m% = A v% and the value for m%l follows from
the minimisation condition.
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Table 2 Input parameters of the two benchmark points of Fig. 5. We set vi = v & 246.22 GeV and m;, = 125.09 GeV

Point m3, [GeV?] m% [GeV?] Re (A) [GeV] Im (A) [GeV] M

Figure 5a 96703.414 32442.949 159.627 —325.391 3.532

Figure 5b 65258.809 36279.847 279.502 —326.645 3.660

Point A3 A4 As A6 A7 A8
Figure 5a —0.796 0.787 —0.055 10.446 7.596 4.683
Figure 5b —0.821 0.220 —0.371 4715 7.760 14.781

Table 3 Dark mass values, critical temperature and critical VEV, &., and individual VEVs at T, of the two benchmark points of Fig. 5. All values,
except for &., are given in GeV

Point my+ mp, Mp, Mpy T. Ve

Figure 5a 269.386 241.718 308.943 549.265 144.21 236.53

Figure 5b 200.940 62.680 218.700 560.206 189.77 235.85

Point & WCB w1 107} wcp wg

Figure 5a 1.64 —8.977e — 07 236.53 9.093¢ — 07 —3.793e — 07 4.604e — 07

Figure 5b 1.24 —2.212¢ — 05 226.46 52.72 39.52 —27.58
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